Seizure spread into autonomic and respiratory brainstem regions is thought to play an important role in sudden unexpected death in epilepsy (SUDEP). As the clinical dataset of cases of definite SUDEP available for study grows, evidence points to a sequence of events that includes postictal apnea, bradycardia, and asystole as critical events that can lead to death. One possible link between the precipitating seizure and the critical postictal sequence is seizure-driven laryngospasm sufficient to completely obstruct the airway for an extended period, but ictal laryngospasm is difficult to fully assess. Herein, we demonstrate in a rat model how the electrical artifacts of attempts to inspire during airway obstruction and features of the cardiac rhythm establish this link between ictal and postictal activity and can be used as practical biomarkers of obstructive apnea due to laryngospasm or other causes of airway obstruction.
Sudden unexpected death in epilepsy (SUDEP) is a frequent cause of death among children and adults with epilepsy. The MORTality in Epilepsy Monitoring Unit Study (MORTEMUS) identified a consistent sequence of events in patients with epilepsy, beginning with a generalized tonic-clonic seizure and ending in death. 1 Ten key cases were used to establish that the end of the seizure was followed within minutes by terminal apnea and ultimately cardiac arrest. In describing this sequence, the MORTEMUS study used artifacts in electroencephalography (EEG) recordings as evidence of respiration or respiratory effort up to the onset of terminal apnea.
In a recent review, Devinsky et al. 2 summarized the evidence that apnea, bradycardia, and asystole are all critical postictal events that can lead to death. 1,2 Laryngospasm was not, however, discussed as a significant potential contributor to SUDEP despite its linkage to SUDEP in children, 3 sudden infant death syndrome (SIDS), and sudden unexplained death in childhood (SUDC). 4 Although difficult to assess, ictal laryngospasm has been suspected during seizures based on stridor or difficulty attempting to place an endotracheal tube postictally 5 or evidence of inspiratory effort with severe air hunger. 6 Recently we demonstrated with extensive cardiorespiratory monitoring in a rat model that the sequence of events from seizure to death included seizure-induced laryngospasm, which caused obstructive apnea, stopping the seizure and persisting until respiratory arrest, resulting finally in cardiac arrest. 7 A critical finding in our experiments was that attempts to breathe during verified airway obstruction generated artifacts in EEG and ECG recordings that resembled artifacts associated with actual breaths. 7 We sought to explore the physiologic parallels between our model and the clinical data to develop our finding of artifacts associated with respiratory effort into a translatable biomarker. We analyzed records from rats that were anesthetized with urethane and manipulated with controlled complete airway occlusion to simulate laryngospasm sufficient to cause obstructive apnea.
Methods
All methods for animal preparation and signal recording have been described in detail. 7 All procedures were approved by an Animal Care and Use Committee and conducted in accordance with the United States Public Health Service's Policy on Humane Care and Use of Laboratory Animals. Adult male Sprague-Dawley albino rats (180-340 g; Harlan, Chicago, IL, U.S.A.) were housed in Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facilities and had unrestricted access to water and food. Inspiration-associated artifacts and changes in RR interval as biomarkers for obstructive apnea. (A) Respiratory effort-associated artifacts enhanced in EEG and ECG by high-pass filtering. Postacquisition filtered EEG appears above the recorded EEG signal, and the filtered ECG appears below the original ECG signal. Airway pressure is shown as the middle trace. The period of airway occlusion is marked by a horizontal line, and a shift in the baseline pressure can be noted at the onset of airway closure. The large negative transients on the airway pressure trace indicate increasing effort to inspire. Note the activity bursts on the two filtered traces and their relation to the inspiratory peaks. Arrows indicate last breath attempt. (B) Correlations of ECG and EEG artifacts with peak inspiratory pressure (PIP; p's < 0.0001). (C) Plot of ECG RR intervals over time (black), PIP during obstruction (blue), and PIP peak markers (red). RR interval variance increases late in the occlusion. Relative minima in RR intervals are shorter than baseline ONLY during intense inspiratory effort. Arrows point to the artifact or RR plot minimum for the breath just before a "missed breath." Note that during the missed breath, the RR intervals are not shortened. Heavy black line at the bottom of the graph is the time shown in the inset. (D) Standard deviation of the RR intervals shows huge increase during this period. Epilepsia ILAE Urethane (1.5 g/kg, i.p.) was used for anesthesia. Controlled complete airway occlusion was accomplished in 16 rats by closing the free end of a T-shaped tracheal tube that was placed through an incision between cartilaginous rings of the trachea after the trachea was exposed in the neck. The sidearm of the T-shaped tracheal tube was connected to a pressure transducer to measure inspiratory and expiratory pressures. Epidural EEG and limb-lead electrocardiography (ECG) recordings were taken as described previously in Nakase et al. 7 Signals were amplified, filtered to pass 1 Hz to 1 kHz, and digitized at 2-20 kHz. To improve isolation of the respiration-associated artifact from ECG and EEG, a high-pass filter was applied to each signal in Spike 2 (367 Hz, À3 dB/octave roll off) and artifacts were quantitated using the modulus function. In three animals, a "background" of seizure activity was established by parenteral injection of kainic acid (10 mg/kg, i.p.) for the sole purpose of illustrating how an obstructive apneic event could cause seizure activity to stop. 7 In all animals, without exception, airway obstruction stopped the seizure before evidence of respiratory arrest (see also Stewart 8 ).
Results EMG "artifacts" or signals related to respiration were detectable (panel A) and showed a one-to-one correspondence with attempts to inspire. In addition, the magnitude of these events was clearly largest in association with the largest effort; the preocclusion experimental record shows artifacts of much smaller size. The artifact amplitude from either source was highly correlated with peak inspiratory pressure, but, as shown in Figure 1 , ECG artifacts correlated better. For high-pass-filtered ECG artifacts, the correlation of artifact size with peak inspiratory pressure was r 2 = 0.81 AE 0.44 (n = 15 animals). Note in the example that the seizure activity stopped late in the obstruction.
A second-order biomarker was the appearance late in the obstruction of very short RR intervals in the ECG associated with attempts to inspire. Bradyarrhythmia is a late event in patients 1 and our animals. 7, 9 Our data show an abrupt increase in overall RR-interval variability during obstruction (standard deviation of NN intervals; F [1.003, 15.04] = 30.75; p < 0.0001; n = 16 animals; panels C, D) and that the normal lengthening of the RR interval during inspiration could be reversed with the appearance of very short intervals during the late obstruction period (Fig. 1C) . These abnormally short RR intervals associated with inspiration occurred in no animals at baseline, 4 of 16 animals during early obstruction (all RR intervals associated with the first seven breath attempts after obstruction), and 15 of 16 animals late (all RR intervals associated with the final seven breath attempts before respiratory arrest).
Discussion
Two complementary biomarkers can be derived from ECG records. The first is a high-frequency electromyography (EMG)-based signal or artifact indicative of attempts to breathe (this can also be detected in the EEG, but correlations were better with ECG-derived signals, consistent with an EMG associated with the increased inspiratory effort). The size of the artifact itself cannot discriminate between effective breaths and attempts to breathe, although our experience is that effective breaths produce very little artifact, again consistent with an intercostal and possibly diaphragmatic EMG-based source of the artifact. The specific biomarker is the upward trend in artifact size as a marker for increasing effort during airway obstruction. The second biomarker is an abrupt increase in RR interval variance with the particular appearance of very short intervals associated with attempts to inspire during obstruction.
The supplementary data associated with Ryvlin et al. show that both of our two biomarkers occur in their patients, and occur in the correct sequence: biomarker 1 appearing earlier in records than biomarker 2. Whereas a number of patients with probable SUDEP have been found prone in bed where other causes of airway obstruction may occur, we believe that this linkage between our model and the clinical data argues strongly for airway obstruction in the human cases and that seizure-induced laryngospasm may link the ictal state to postictal terminal events. Furthermore, we argue that these biomarkers can be applied to past cases to subclassify possible causes of death and used to monitor patients to improve outcomes by signaling times of airway obstruction.
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